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Abstract
Leptogenesis scenarios in supersymmetric hybrid inflation models are considered. Sufficient lepton asymmetry leading to
successfull baryogenesis can be obtained if the reheat temperature Tr  106 GeV and the superpotential coupling parameter
κ is in the range 10−6  κ  10−2. For this range of κ the scalar spectral index ns  0.99 ± 0.01. Constraints from neutrino
mixing further restrict the range of κ that is allowed. We analyze in detail the case where the inflaton predominantly decays into
the next-to-lightest right-handed Majorana neutrino taking into account especially the constraints from atmospheric neutrino
oscillations.
 2004 Published by Elsevier B.V. Open access under CC BY license.1. Introduction
Supersymmetric hybrid inflation models [1,2] pro-
vide a compelling framework for the understanding
of the early universe. They account for the primor-
dial density perturbations with a GUT scale symmetry
breaking yet without any dimensionless parameters
that are very small. As in any complete inflationary
scenario, inflation in these models should be followed
by a successfull reheating accounting for the observed
baryon asymmetry of the universe.
In SUSY hybrid inflation it is generally prefer-
able (and in many models necessary) to generate the
baryon asymmetry via leptogenesis, which is then par-
tially converted into baryon asymmetry by sphaleron
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Open access under CC BY effects [3]. If the gauge symmetry G= SO(10) or one
of its subgroups (where inflation is associated with
the breaking of a gauge symmetry G→ H ), the in-
flaton decays into the right-handed neutrinos, whose
subsequent out of equilibrium decay leads to the lep-
ton asymmetry [4]. The right-handed neutrinos could
also be produced thermally, although it is difficult to
reconcile the high reheat temperature required by ther-
mal leptogenesis with the gravitino constraint [5].
In thermal leptogenesis [6] the lightest right-handed
Majorana neutrino N1 washes away the previous
asymmetry created by the heavier neutrinos. If, on the
other hand, N1 as well as the heavier neutrinos are out
of equilibrium (Tr <M1), the lepton asymmetry could
predominantly result from the inflaton χ decaying into
the next-to-lightest neutrino N2. (χ → N3N3 is ruled
out by the gravitino constraint.)
In this Letter we focus on the latter scenario. It is
easier to account for the observed baryon asymmetrylicense.
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neutrino decay is in general greater than the case
where the inflaton decays into the lightest neutrino,
and unlike thermal leptogenesis there is no washout
factor.
The plan of the Letter is as follows: in Section 2 we
briefly review a class of supersymmetric hybrid infla-
tion models. In Section 3 we qualitatively discuss lep-
togenesis scenarios for these models. In Section 4 we
perform an analysis of the ‘next-to-lightest’ scenario,
showing numerically that sufficient lepton asymme-
try can be generated while satisfying, in particular, the
constraints from atmospheric neutrino mixing.
2. Supersymmetric hybrid inflation
In a class of realistic supersymmetric models,
inflation is associated with the breaking of either
a grand unified symmetry or one of its subgroups.
Here we will limit ourselves to supersymmetric hybrid
inflation models [2]. The simplest such model [1] is
realized by the renormalizable potential (consistent
with a U(1) R-symmetry) [7]
(1)W1 = κS
(
φφ¯ −M2),
where φ(φ¯) denote a conjugate pair of superfields
transforming as non-trivial representations of some
gauge group G, S is a gauge singlet superfield,
and κ (> 0) is a dimensionless coupling. In the
absence of supersymmetry breaking, the potential
energy minimum corresponds to non-zero (and equal
in magnitude) vevs (=M) for the scalar components
in φ and φ¯, while the vev of S is zero. (We use
the same notation for superfields and their scalar
components.) Thus, G is broken to some subgroup H .
In order to realize inflation, the scalar fields φ,
φ¯, S must be displayed from their present minima.
For |S| > M , the φ, φ¯ vevs both vanish so that the
gauge symmetry is restored, and the tree level poten-
tial energy density κ2M4 dominates the universe. With
supersymmetry thus broken, there are radiative cor-
rections from the φ − φ¯ supermultiplets that provide
logarithmic corrections to the potential which drives
inflation.
The temperature fluctuations δT /T turn out to
be proportional to (M/MP )2, where M denotes the
symmetry breaking scale of G, and MP = 1.2 ×1019 GeV is the Planck mass [1,2]. Comparison with
the δT /T measurements by COBE [8] and WMAP [9]
shows that the gauge symmetry breaking scale M is
naturally of order 1016 GeV.1
The inflationary scenario based on the superpoten-
tial W1 in Eq. (1) has the characteristic feature that the
end of inflation essentially coincides with the gauge
symmetry breaking. Thus, modifications should be
made to W1 if the breaking of G to H leads to the
appearance of topological defects such as monopoles,
strings or domain walls. For instance, the breaking of
GPS ≡ SU(4)c×SU(2)L×SU(2)R [10] to the MSSM
by fields belonging to φ(4¯,1,2), φ¯(4,1,2) produces
magnetic monopoles that carry two quanta of Dirac
magnetic charge [11]. As shown in [12], one simple
resolution of the monopole problem is achieved by
supplementing W1 with a non-renormalizable term:
(2)W2 = κS
(
φ¯φ −µ2)− β S(φ¯φ)2
M2S
,
where µ is comparable to the GUT scale, MS ∼ 5 ×
1017 GeV is a superheavy cutoff scale, and the dimen-
sionless coefficient β is of order unity. The presence
of the non-renormalizable term enables an inflationary
trajectory along which the gauge symmetry is broken.
Thus, in this ‘shifted’ hybrid inflation model the mag-
netic monopoles are inflated away.
A variation on these inflationary scenarios is ob-
tained by imposing a Z2 symmetry on the superpoten-
tial, so that only even powers of the combination φφ¯
are allowed [13]
(3)W3 = S
(
−µ2 + (φφ¯)
2
M2S
)
,
where the dimensionless parameters κ and β (see
Eq. (2)) are absorbed in µ and MS . The resulting
scalar potential possesses two (symmetric) valleys of
local minima which are suitable for inflation and along
which the GUT symmetry is broken. The inclination
of these valleys is already non-zero at the classical
level and the end of inflation is smooth, in contrast
to inflation based on the superpotential W1 (Eq. (1)).
An important consequence is that, as in the case of
1 We take (δT /T )h = 6.3 × 10−6 [8] where h denotes the
horizon scale. This value corresponds to A  0.76 for ns = 0.99,
in agreement with [9].
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with topological defects are avoided.
In all these models, for the symmetry breaking
scale M ∼ 1016 GeV, one predicts an essentially
scale invariant spectrum (0.98  ns  1 depending
on the value of κ or of M and |dns/d lnk| < 10−3
[14]) which is consistent with a variety of CMB
measurements including the recent WMAP results
[9,15].
After the end of inflation, the system falls toward
the SUSY vacuum and performs damped oscillations
about it. The inflaton, which we collectively denote
as χ , consists of the two complex scalar fields (δφ¯ +
δφ)/
√
2 (δφ¯ = φ¯ − M , δφ = φ − M) and S, with
equal mass mχ . In the presence of N = 1 supergravity,
SUSY breaking is induced by the soft SUSY violating
terms in the tree level potential and S acquires a vev
comparable to the gravitino mass m3/2 (∼ TeV). This
(mass)2 term provides an extra force driving S to the
minimum, but its effect is negligible for κ  10−6.
More often than not, SUGRA corrections tend to
derail an otherwise succesful inflationary scenario by
giving rise to scalar (mass)2 terms of order H 2, where
H denotes the Hubble constant. Remarkably, it turns
out that for a canonical SUGRA potential (with mini-
mal Kähler potential |S|2 + |φ|2 + |φ¯|2), the problem-
atic (mass)2 term cancels out for the superpotentialW1
in Eq. (1) [7]. This property also persists when non-
renormalizable terms that are permitted by the U(1)R
symmetry are included in the superpotential.2
As noted in [14,19], for large values of κ the pres-
ence of SUGRA corrections due to the minimal Kähler
potential can give rise to ns values that exceed unity by
an amount that is not favored by the data on smaller
scales. SUGRA corrections also become important for
tiny values of κ . Nevertheless, they remain ineffec-
tive for a wide range of κ (10−6  κ  10−2). As we
shall discuss below, leptogenesis consistent with the
observed baryon asymmetry generally constrains κ to
a similar range.
2 In general, K is expanded as K = |S|2 + |φ|2 + |φ¯|2 +
α|S|4/M2P + · · · , and only the |S|4 term in K generates a mass2
for S , which would spoil inflation for α ∼ 1 [16,17]. From the
requirement |S|<MP , one obtains an upper bound on α ( 10−3)
[18]. Since smaller values of α do not effect the dynamics of
inflation significantly and other terms in K are suppressed, we take
the Kähler potential to be minimal for simplicity.3. Leptogenesis in SUSY hybrid inflation models
The observed baryon asymmetry of the universe
can be naturally explained via leptogenesis in SUSY
hybrid inflation models. If inflation is associated with
the breaking of the gauge symmetry G= SO(10) [20]
or one of its subgroups such as GPS ≡ SU(4)c ×
SU(2)L×SU(2)R [12] andGLR ≡ SU(3)c×SU(2)L×
SU(2)R × U(1)B−L [21], the inflaton decays into
right-handed neutrino superfields [4]. Their subse-
quent out of equilibrium decay to lepton and Higgs
superfields leads to the observed baryon asymmetry
via sphaleron effects [3].
Before discussing the constraints on κ from lepto-
genesis, we note that an important constraint that is
independent of the details of the seesaw parameters
already arises from considering the reheat tempera-
ture Tr after inflation, taking into account the gravitino
problem which requires that Tr  1010 GeV [5]. We
expect the heaviest right-handed neutrino to have a
mass of around 1014 GeV, which is in the right ball
park to provide via the seesaw a mass scale of about
0.05 eV to explain the atmospheric neutrino anomaly
through oscillations. Comparing this with [2]
(4)
Tr =
(
45
2π2g∗
)1/4
(ΓχmP )
1/2  1
16
(mPmχ)
1/2
M
Mi
(where mP  2.4 × 1018 GeV is the reduced Planck
mass, and the decay rate of the inflatonΓχ = (1/8π)×
(M2i /M
2)mχ ), we see that for mχ  105 GeV, Mi
should not be identified with the heaviest right-handed
neutrino, otherwise Tr would be too high [21]. Here
we have assumed that the right-handed neutrinos Ni
acquire mass from a non-renormalizable coupling
W ⊃ (1/mP )γiφ¯φ¯NiNi .3 Thus, we require that
(5)mχ
2
M3 
2M2
mP
.
The gravitino constraint expressed by Eq. (5) requires
κ  10−3 independent of the details of seesaw para-
3 In this Letter we do not consider the possibility of a renormal-
izable Yukawa coupling W ⊃ yiφNiNi . This would require φ to
be a SU(2)R Higgs triplet (or a 126 of SO(10)), and the Yukawa
couplings would have to be arranged to yield the intermediate scale
Majorana masses consistent with the neutrino oscillation parame-
ters.
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However, in shifted and smooth hybrid inflation the
Majorana mass of the heaviest right-handed neutrino
M3  2M2/MS can remain an order of magnitude
greater than the inflaton mass so that this constraint
does not restrict κ or M (see Figs. 5, 7).
We now consider the case where the inflaton χ
predominantly decays into a right-handed neutrino
that is heavy compared to the reheat temperature Tr .
The ratio of the number density of the right-handed
(s)neutrino nN to the entropy density s is given by
(6)nN
s
 3
2
Tr
mχ
Br,
where Br denotes the branching ratio into the right-
handed neutrino channel. The resulting lepton asym-
metry is
(7)nL
s
= nN
s
+,
where + is the lepton asymmetry produced per right
handed neutrino decay.
Note that unlike thermal leptogenesis, there is
no washout factor in non-thermal leptogenesis since
lepton number violating 2-body scatterings mediated
by right-handed neutrinos are out of equilibrium
as long as the lightest right-handed neutrino mass
M1  Tr [23]. More precisely, the washout factor is
proportional to e−z where z=M1/Tr [6], and can be
neglected for z 10.
Suppose that the right-handed Majorana masses
are hierarchical, with M1  M2,M3 (but M1 > Tr ).
If M2, M3 are heavier than mχ/2 the inflaton only
decays into 2N1. With Br = 1, the lepton asymmetry
is then
(8)nL
s
 3
2
Tr
mχ
+1,
with +1 given by
+1 =− 18π
1
(hh†)11
∑
i=2,3
Im
[{(
hh†
)
1i
}2]
(9)×
[
f V
(
M2i
M21
)
+ f S
(
M2i
M21
)]
,
where
(10)f V (x)=√x ln
(
1+ 1
x
)
, f S(x)= 2
√
x
x − 1 .Assuming M1 M2,M3, Eq. (9) simplifies to
(11)+1 − 38π
1
(hh†)11
∑
i=2,3
Im
[{(
hh†
)
1i
}2]M1
Mi
.
This formula leads to the upper bound [24]
(12)+1  2× 10−10
(
M1
106 GeV
)(
mν3
0.05 eV
)
.
From the observed baryon to photon ratio η ≡
nB/nγ  6.1 × 10−10 [9], the lepton asymmetry is
found to be |nL/s|  2.4×10−10, where we have used
nB/s  η/7.04 [25] and nL/s =−(79/28)nB/s [26].
Using Eqs. (4), (8), (12), together with the gravitino
constraint Tr  1010 GeV, we find that sufficient lep-
ton asymmetry requires
(13)m3χ  1012 GeV
(
mν3
0.05 eV
)2
M2,
which yields mχ  1015 GeV for M ∼MGUT. From
M1 <mχ/2, we also obtain the lower bounds
(14)Tr  1.6× 106 GeV
(
0.05 eV
mν3
)
,
(15)m3χ M2 × 10−3 GeV
(
0.05 eV
mν3
)
,
yielding Tr  106 GeV and mχ  1010 GeV or κ 
10−7. This remains so even with degenerate neutrinos,
since the cosmological bound on the sum of neutrino
masses leads to the limit mνi < 0.23 eV [9].
An alternative scenario [27] is the case where
M1  M2  M3 (but M1 > Tr ) and M2 < mχ/2.
Since the decay width of the inflaton is proportional
to M2i , the branching ratios to 2N1 and 2N2 are
(M1/M2)2 and 1 − (M1/M2)2, respectively. Thus,
provided +1  +2, the contribution to the lepton asym-
metry from N1 is negligible. From Eq. (9) (with
permuted indices) and Eq. (10)
+2 − 18π
1
(hh†)22
×
[
2
M1
M2
(
ln
[
M1
M2
]
− 1
)
Im
[{(
hh†
)
21
}2]
(16)+ 3M2
M3
Im
[{(
hh†
)
23
}2]]
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inflation with GLR (dash-dotted line), SUSY hybrid inflation with SO(10) (dotted line), shifted hybrid inflation (solid line) and smooth hybrid
inflation (dashed line).or, since the first term is negligible for hierarchical
Dirac neutrino masses
(17)+2 − 38π
M2
M3
Im[{(hh†)23}2]
(hh†)22
.
We can also write this as Eq. (11) with permuted
indices and recover Eq. (12) with M1 replaced by M2
(see [24], Section 2.1). This indicates that +2 can easily
attain values  +1, so that the dominant contribution
to the lepton asymmetry is from N2. Qualitatively,
Eq. (12) shows that lepton asymmetry sufficient to
meet the observational constraint |nL/s|  2.4 ×
10−10 can be generated with reasonable values for the
phases.
We conclude this section by summarizing the
various constraints on κ and the symmetry breaking
scale M . As noted in the previous section, for large κ
(or M) the SUGRA contribution gives rise to ns values
that exceed unity by an amount that is not favored by
the data on smaller scales (ns  1 at k = 0.05 Mpc−1
[9]). This provides an upper bound on κ and M for
the shifted and smooth hybrid inflation models [14].
For SUSY hybrid inflation with the renormalizable
potential Eq. (1), the gravitino constraint (Eq. (5))
provides a more stringent upper bound.
For small values of κ , the SUGRA correction
and the soft SUSY breaking (mass)2 term become
important. We find by numerical calculation that the
primordial density perturbations are too small for
κ  10−6 for SUSY hybrid inflation and κ  10−7
for the shifted model. Sufficient leptogenesis requires
Eqs. (13), (15), and these are satisfied for the range
allowed by the constraints above (except for smooth
hybrid inflation, for which Eq. (13) provides a lowerbound for M). The allowed ranges of κ and M are
shown in Fig. 1.4
4. Leptogenesis and atmospheric neutrino
oscillations
Two-family numerical calculations for SUSY hy-
brid inflation models discussed here have been carried
out previously in Refs. [12,22,27,28]. Here we update
and extend these calculations using recent measure-
ments of neutrino oscillation parameters.
A comment is in order whether two-family cal-
culations are physically relevant. We consider the
case where the χ → N2N2 branch is dominant, and
Eq. (17) approximates the lepton asymmetry in terms
of two families only. Since the Dirac masses are
assumed to be hierarchical, the µτ block is domi-
nant. Furthermore, the gauge symmetries suggest a
Dirac mixing matrix close to the CKM matrix VCKM,
which is close to the unit matrix especially in the µτ
sector. Under these conditions the neutrino mixing ma-
trix UMNS is approximately obtained by rotating the
charged lepton and neutral Dirac sectors only in the
µτ sector with respect to the weak basis and diagonal-
izing the resulting light neutrino mass matrix [27].
Note that the mixing angle obtained this way
can only be identified with the atmospheric neutrino
mixing angle if the mixing angles θ13 and θ12 are
both small. While the solar mixing angle at weak
scale is not small [29], its RG evolution can lead
4 To be specific we assumed that the SUSY breaking induces a
mass of 1 TeV for S , a mass of 10 TeV would increase the relevant
lower bounds by a factor of  1.5.
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occurs for a wide range of CP phases for large tanβ
( mt/mb ∼ 50 for G ⊃ SU(4)c) and degenerate
neutrino masses of  0.1 eV [31]. For hierarchical
neutrino masses radiative effects on the mixing are
in general small [32,33]. The solar mixing in this
case could be accounted for by non-diagonal Majorana
masses of ∼ 10−3 eV that can arise from higher-
dimensional operators [34].
Thus, we can ignore the first family only if we
consider the special case of a small solar mixing angle
at large energy scales. For this special case the lepton
asymmetry and the atmospheric neutrino mixing angle
can be calculated without assuming any particular
ansatz for the Dirac and Majorana mass matrices.
The lepton asymmetry in this case is given by [27]
(18)nL
s
= 9TR
16πmχ
M2
M3
c2 s2 sin 2δ(mD23 −mD22 )2
〈Hu〉(mD22 s2 +mD23 c2)
.
Here 〈Hu〉 = 174 sinβ GeV (≈ 174 GeV for large
tanβ), where β = 〈Hu〉/〈Hd 〉. mD2,3 are the Dirac
masses of the neutrinos (in a basis where they are
diagonal and positive) and c = cosθ , s = sin θ , with
θ and δ being the rotation angle and phase which
diagonalize the right-handed Majorana mass matrix.
The light neutrino mass matrix is given by the
seesaw formula:
(19)mν ≈−m˜D 1
Mνc
mD,
where mD is the Dirac neutrino mass matrix and
Mνc the right-handed Majorana mass matrix. The
atmospheric neutrino mixing angle θ23 lies [27] in the
range
(20)∣∣ϕ − θD∣∣ θ23  ϕ + θD, for ϕ + θD  π/2,
where ϕ is the rotation angle which diagonalizes the
light neutrino mass matrix in the basis where the Dirac
mass matrix is diagonal and θD is the Dirac mixing
angle.
In our analysis we will assume θD ≈ 0 and so take
ϕ = θ23. (From SU(4)c symmetry, θD  |Vcb|  0.03
[35].) We take mD3 compatible with G, i.e., mD3 =
mτ × tanβ for GLR , and mD3 = mt for SO(10) or
GPS . These relations hold at MGUT, while the relevant
values of the parameters are those at the leptogenesis
scale. We estimate the Dirac masses by using theabove relations as approximations, with the values for
the quark and lepton masses at Tr = 109 GeV given
in [36].
The light neutrino masses are assumed to be ei-
ther hierarchical with mν2 = 8.5 × 10−3 eV and
mν3 = 0.06 eV [29,37,38], or degenerate with mν2 =
0.104 eV and mν3 = 0.122 eV. Note that the RG evo-
lution of the masses is particularly important for the
degenerate case. The latter values are calculated with
tanβ = 50 [31].
Using these Dirac and light neutrino masses, we
have numerically calculated the range of κ , the sym-
metry breaking scale M and the reheat temperature
Tr consistent with the observed baryon asymmetry
nB/s  8.7 × 10−11 [9] and the near maximal at-
mospheric mixing sin2 2θ23  0.95 [37–39].5 For the
allowed range of κ we also required that M2 
mχ/2 < M3 and γ3  1 where M3 = 2γ3M2/mP
(2γ3M2/MS for shifted and smooth hybrid inflation).
The results are summarized below.
(1) SUSY hybrid inflation with GLR ≡ SU(3)c ×
SU(2)L× SU(2)R ×U(1)B−L
(a) Hierarchical neutrinos: the charged lepton
masses at 109 GeV are mµ = 86 MeV and
mτ = 1.47 GeV. We set, as an approxima-
tion, mDi = mi × tanβ with tanβ = 10. We
obtain solutions for κ ∼ 10−3.5 with Tr  109
GeV, M2  1010.5 GeV and M3  1013 GeV
(Fig. 2).
(b) Degenerate neutrinos: with tanβ = 50, solu-
tions are obtained for κ ∼ 10−3 with Tr 
1010.5 GeV, M2  1012 GeV and M3  1013
GeV (Fig. 3).
(2) SUSY hybrid inflation with G= SO(10)
(a) Hierarchical neutrinos: we set, as an approx-
imation, mDi = mqi where mqi are the quark
masses at 109 GeV (mc = 0.427 GeV and
mt = 149 GeV). We find that there are no
5 For details of the calculation, we refer the reader to Refs. [22,
27]. Note that in Ref. [27], the small angle MSW solution for m2
was assumed and the atmospheric mixing angle was found to be
small for a particular value of κ . Our results are different but not
contradictory, since they hold for different values of m2 and κ . Also,
instead of fixing the heavy Majorana masses and calculating the
Dirac masses, we have fixed the Dirac masses and calculated the
heavy Majorana masses.
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(dotted lines) and M as functions of κ , for SUSY hybrid inflation
with GLR and hierarchical left-handed Majorana neutrinos. The
regions for Tr , M2 and M3 are bound by the baryon asymmetry and
near maximal atmospheric mixing (sin2 2θ23  0.95) constraints.
Fig. 3. Same as Fig. 2, for degenerate left-handed Majorana
neutrinos. Note that the allowed regions for M2 and M3 are also
constrained by M2 Mχ/2 <M3.
solutions consistent with near maximal at-
mospheric mixing.
(b) Degenerate neutrinos: solutions are obtained
for κ ∼ 10−4 with Tr  109 GeV, M2  1011
GeV and M3  1013 GeV (Fig. 4).
(3) Shifted hybrid inflation with GPS ≡ SU(4)c ×
SU(2)L× SU(2)R
(a) Hierarchical neutrinos: as in case (2a), there
are no solutions with mDi = mqi , although
solutions are obtained with higher values of
mD2 . As a numerical example, m
D
2 = 2 GeV
allows solutions (with the coefficient of the
non-renormalizable coupling β = 0.5) for
κ ∼ 10−2.5, with the symmetry breaking scale
M ∼MGUT and Tr ∼ 109.5 GeV (Fig. 5).Fig. 4. Same as Fig. 2, for SUSY hybrid inflation with G= SO(10)
and degenerate left-handed Majorana neutrinos.
Fig. 5. Same as Fig. 2, for shifted hybrid inflation with G = GPS
and hierarchical left-handed Majorana neutrinos.
Fig. 6. Same as Fig. 2, for shifted hybrid inflation with G = GPS
and degenerate left-handed Majorana neutrinos. Note that M3 is
bound below by mχ/2, and κ > 3 × 10−4 is required for the
inflationary trajectory for β = 0.5.
(b) Degenerate neutrinos: solutions for κ ∼ 10−3
and Tr ∼ 109 GeV are obtained with mD2 =
0.427 GeV and mD3 = 149 GeV (Fig. 6). We
V.N. Senoguz, Q. Shafi / Physics Letters B 582 (2004) 6–14 13Fig. 7. From bottom to top, Tr , M2 (dashed lines), mχ/2, and
M3 (dotted lines) as functions of the symmetry breaking scale
M = (µMS)1/2, for smooth hybrid inflation with GPS and hier-
archical left-handed Majorana neutrinos.
have taken β = 0.5, for which κ  3 × 10−4
is required for the inflationary trajectory.
(4) Smooth hybrid inflation with GPS
(a) Hierarchical neutrinos: as in case (3a), we
take mD2 = 2 GeV to allow solutions. The
baryogenesis and neutrino mixing constraints
can be satisfied with Tr ∼ 1010 GeV, and the
heavy Majorana masses are M2 ∼ 1011 GeV
and M3 ∼ 1015 GeV (Fig. 7).
(b) Degenerate neutrinos: taking mD2 = 2 GeV to
allow solutions, the baryogenesis and neutrino
mixing constraints can only be satisfied for a
narrow range of masses, with the symmetry
breaking scale M  1016 GeV and Tr 
1010 GeV.
Note that in our calculations we have assumed
M1  Tr so that washout effects are negligible. Since
M2/Tr turns out to be in the range 10–100, this
assumption conflicts with a strong hierarchy between
M1 and M2. Eqs. (17) and (18) have to be suitably
modified for M2 ∼M1. However, the resulting lepton
asymmetry does not change significantly, unless the
right-handed neutrinos are quasi degenerate ((M2 −
M1)  M1). On the other hand, if we drop the
assumption M1  Tr , the constraints to generate
sufficient lepton asymmetry become more stringent
[6,40].
5. Conclusion
We have reviewed non-thermal leptogenesis in
SUSY hybrid inflation models. For the simplest SUSYhybrid inflation model, sufficient lepton asymmetry
can be generated provided that the dimensionless cou-
pling constant appearing in the superpotential Eq. (1)
satisfies 10−6  κ  10−2. SUGRA correction to the
potential is negligible for this range and the power
spectrum is essentially scale invariant. For shifted
and smooth hybrid inflation, leptogenesis with larger
values of the coupling constant and the symmetry
breaking scale is also possible.
Constraints from neutrino mixing could further
restrict the range of κ that is allowed. We have ap-
plied the constraint of maximal (or near maximal) at-
mospheric mixing, as observed by Super-Kamiokande
and K2K, to the case where the inflaton predominantly
decays into the next-to-lightest right-handed Majorana
neutrino. We have numerically shown, for this case,
that sufficient lepton asymmetry can still be generated
with hierarchical Dirac neutrino masses imposed by
the gauge symmetries.
We conclude that SUSY hybrid inflation models
can satisfactorily meet the gravitino and baryogenesis
constraints, consistent with the observed neutrino
(mass)2 differences and near maximal atmospheric
neutrino mixing.
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